While it has been known for several years that viral RNAs are subject to the addition of 13 several distinct covalent modifications to individual nucleotides, collectively referred to as 14 epitranscriptomic modifications, the effect of these editing events on viral gene expression has 15 been controversial. Here, we report the purification of murine leukemia virus (MLV) genomic 16 RNA to homogeneity and show that this viral RNA contains levels of 
replication, we also demonstrate that overexpression of the key m 6 A reader protein YTHDF2 24 enhances MLV replication, while downregulation of the m 5 C writer NSUN2 inhibits MLV 25
replication. 26
Importance 27
The data presented in this manuscript demonstrate that MLV RNAs bear an 28 exceptionally high level of the epitranscriptomic modifications m 6 A, m 5 C and Nm, thus 29 suggesting that these each facilitate some aspect of the viral replication cycle. Consistent with 30
this hypothesis, we demonstrate that mutational removal of a subset of these m 6 A or m 5 C 31 modifications from MLV transcripts inhibits MLV replication in cis and a similar result was also 32 observed upon manipulation of the level of expression of key cellular epitranscriptomic cofactors 33 in trans. Together, these results argue that the addition of several different epitranscriptomic 34
Introduction 37
Eukaryotic mRNAs are subject to a range of covalent modifications at the single 38 nucleotide level and it is now evident that these epitranscriptomic modifications can profoundly 39 affect mRNA function (1-3). While the most prevalent epitranscriptomic mRNA modification 40 involves methylation of the N 6 position of adenosine (m 6 A), several other mRNA modifications, 41 including cytidine methylation (m 5 C) and 2'O-methylation of the ribose moiety that forms part of 42 all four ribonucleotides (Am, Gm, Cm and Um, collectively Nm), have also been reported. 43
Addition of m 6 A is the most intensively studied epitranscriptomic modification and the 44 protein complex responsible for m 6 A addition, or m 6 A "writer", has been identified as a nuclear 45 heterotrimer, consisting of the proteins METTL3, METTL14 and WTAP, that adds m 6 A to mRNA 46 sites bearing the consensus sequence 5'-RA*C-3', where R is a purine (1-3). Once added, m 6 A 47 can be recognized by several "readers", including the nuclear YTHDC1 and cytoplasmic 48 YTHDF2 proteins, which then regulate the splicing, translation and/or stability of that mRNA. 49
Less is known about the m 5 C modification, although NSUN2 has been shown to add m 5 C to a 50 handful of cellular mRNAs (4-7) and we have recently identified NSUN2 as the primary writer of 51 m 5 C residues on the HIV-1 genome (8). 52
Previously, we reported that m 6 A residues enhance viral gene expression and replication 53 for HIV-1, influenza A virus and the polyoma virus SV40 (9-11) and others have also reported 54 that m 6 A residues promote HIV-1 and enterovirus 71 replication (12, 13) and play a role in the 55 activation of lytic replication in Kaposi's sarcoma herpesvirus (KSHV)-infected cells (14, 15) . 56
More recently, we reported that addition of m 5 C also enhances HIV-1 gene expression (8), and 57 others have reported that Nm modifications on HIV-1 transcripts promote HIV-1 replication by 58 inhibiting the detection of viral transcripts by the innate antiviral RNA sensor MDA5 (16). 59
Consistent with a positive role for these epitranscriptomic modifications in the regulation of viral 60 replication, we recently reported that HIV-1 transcripts bear a far higher level of m 6 A, m 5 C and 61 While our data identify the five epitranscriptomic modifications listed above as unusually 119 prevalent on MLV gRNA, with >10 modified residues of each per gRNA, we also detected 120 several other modified nucleotides at levels ranging from ~2.7 to ~5.4 residues per MLV 121 genome (Figs. 1C and 1D ). In the case of 1-methylguanosine (m 1 G) and 7-methylguanosine 122 (m 7 G), the observed levels in the MLV genome are comparable to levels detected previously in 123 cellular poly(A)+ RNA (22) However, as these four residues are all present at very low levels on MLV gRNAs (Fig. 1C) , it is 128 unclear whether they exert any phenotypic effect. While we did not detect any 129 epitranscriptomically modified "U" residues, such as 2'O-Me-uridine (Um) or pseudouridine, we 130 note that the UPLC-MS/MS method is less sensitive for detecting modified uridines at low 131 concentrations of input RNA, as in this case, due to the comparatively inefficient ionization of 132 uridine compared to other ribonucleosides. Nevertheless, our data do suggest that levels of Um 133 in the MLV gRNA are <1nM, which equates to <20 Um residues per MLV gRNA. 134
Mapping of m 6 A and m 5 C residues on the MLV RNA genome 135
Having demonstrated that MLV gRNAs bear a substantial number of m 6 A and m 5 C 136 residues, we wished to map these residues not only on the gRNA but also on MLV RNAs 137 expressed in infected 3T3 cells. For this purpose, we infected 3T3 cells with MLV virions 138 rescued from the pNCS proviral clone (18) and, at 48 hours post-infection (hpi), pulsed the cells 139 with the highly photoreactive uridine analog 4-thiouridine (4SU) for a further 24 h (23). We then 140 isolated MLV virions, as described above, from the supernatant media of MLV-infected 3T3 cells 141 and purified total virion RNA. In parallel, we also harvested total RNA from MLV-infected 3T3 142 cells and subjected this RNA to a single round of poly(A)+ isolation to enrich for mRNAs. The 143 8 MLV virion and MLV-infected cell RNA preparations were then subjected to the previously 144 described PA-m 6 A-seq or PA-m 5 C-seq procedures (24) (8). Briefly, the purified 4SU-labeled 145
RNAs were incubated with an antibody specific for either m 6 A or m 5 C and then UV-irradiated to 146 crosslink the antibody to the bound site. The resultant RNA:protein complexes were then 147 incubated with RNase T1, to remove unbound RNA, and the bound ~20 nt RNA fragments 148 recovered, converted to cDNA and subjected to deep sequencing. As may be observed in in the virion-derived RNA sample than in the intracellular MLV RNA, although this varied 173 somewhat by peak. In contrast to the PA-m 6 A-seq data, which identified somewhat fewer m 6 A 174 modification sites on the MLV gRNA than predicted by the UPLC-MS/MS data, the PA-m 5 C-seq 175 data detected ~40 m 5 C sites on the MLV gRNA (Fig. 2B) , which is more than the ~13 sites 176 10 predicted by the UPLC-MS/MS technique (Fig. 1D) One way to test whether the addition of m 6 A or m 5 C has any effect on MLV gene 180 expression and replication is to mutate the locations of these modifications by, for example, 181 changing mapped m 6 A residues to "G" residues and mapped m 5 C residues to "U" residues. In 182 the case of m 6 A, the modified "A" is found in the context of the sequence 5'-RA*C-3', where R is 183 a purine (1), so modified "A" residues are easier to identify within the ~20 nt peaks mapped in 184 Next, we assessed whether the introduced mutations affected MLV gene expression 236 and/or replication. For this purpose, we transfected 293T cells with the wild type MLV proviral 237 13 expression vector pNCS, or with the pNCS-Δm 6 A or pNCS-Δm 5 C mutant plasmids. We detected 238 comparable levels of MLV Gag production in the transfected 293T cells (Fig. 3B) , as well as 239 similar levels of MLV gRNA expression (Fig. 3C) . However, analysis of the supernatant media 240 revealed that the MLV-Δm 6 A mutant released 2-3-fold less MLV Gag protein into the 241 supernatant media, and 293T cells transfected with the MLV-Δm 5 C mutant also released ~2-fold 242 less MLV Gag protein (Fig. 3D) . One possibility we considered is that the mutations present in (Fig. 3D) . 250
Next, we normalized the MLV-containing supernatants obtained from the transfected 251 293T cells, using the MLV Gag quantitations shown in Fig. 3D , and then used equal amounts of 252 each MLV variant to infect susceptible 3T3 cells. At 72 hpi, we harvested these infected cells 253 and analyzed MLV Gag protein expression (Fig. 3F ) and gRNA expression (Fig. 3G) . As may be 254 observed, we detected a significant reduction in the level of both Gag protein and MLV gRNA in 255 the cultures infected with the MLV-Δm 6 A and MLV-Δm 5 C mutant, though this effect was only 2-256 3-fold. We note, however, that as these mutants retain a substantial number of m 6 A and m 5 C 257 sites, a modest phenotype is not unexpected. Nevertheless, these data are clearly consistent 258 with the hypothesis that the m 6 A and m 5 C epitranscriptomic modifications detected on MLV 259 transcripts are both able to facilitate some aspect of MLV replication. 260
While the mutations introduced into the MLV-Δm 6 A and MLV-Δm 5 C mutants are 261 designed to be silent and to not impact sequences with a known regulatory role, it remains 262 possible that they could affect an important RNA structure or protein binding site unrelated to 263 the targeted RNA modifications. We therefore wished to test whether inhibition of m 6 A or m 5 C 264 addition, or their enhanced detection by cellular readers, might also impact MLV gene 265 expression. Previously, we reported that overexpression of the key cellular m 6 A reader YTHDF2 266 increases viral gene expression for three distinct viral species, viz. HIV-1, influenza A virus and 267 the SV40 (9-11), and we therefore asked whether stable overexpression of murine YTHDF2 in 268 3T3 cells would also enhance MLV gene expression. For this purpose, we generated clonal 3T3 269 cell lines transduced with a lentiviral vector expressing either FLAG-tagged YTHDF2 or GFP 270 and selected single cell clones expressing readily detectable levels of these proteins (Fig. 4A) . 271
We then infected these cells with wild type MLV and assessed viral gene expression at 48 and 272 72 hpi by Western blot for MLV p65 Gag. As shown in While the proteins that "write" and "read" m 6 A modifications are well defined, this is less 286 clear for the m 5 C modification as several cytidine methyltransferases have been described. 287
However, the cellular protein NSUN2 has previously been reported to add m 5 C to specific 288 cellular mRNAs (4-7) and we have recently reported that NSUN2 is primarily responsible for the 289 addition of m 5 C modifications to HIV-1 transcripts (8). An interesting aspect of NSUN2 is that it 290 forms a transient covalent bond with the "C" residues it is methylating and release requires the 291 action of a conserved cysteine residue located at position 271 in NSUN2. As a result, 292 mutagenesis of cysteine 271 to alanine (C271A) leads to the spontaneous formation of NSUN2 293 crosslinks to target "C" residues on RNAs (6). Therefore, in cells expressing NSUN2-C271A, we 294 predicted that this mutant protein would crosslink to MLV gRNA and potentially be packaged 295 into MLV virions. As shown in Fig. 4B , we indeed observed packaging of the NSUN2-C271A 296 mutant, but not wild type NSUN2, into MLV virions produced in transfected 293T cells, thus not 297 only identifying NSUN2 as an enzyme that adds m 5 C to MLV gRNAs but also, more generally, 298 confirming that MLV gRNAs do indeed bear "C" residues that are methylated in producer cells. 299
We next asked in reduced expression of NSUN2 would result in a reduction in MLV gene 300 expression. This was achieved by the efficient knockdown of NSUN2 expression using RNA 301 interference (RNAi), as shown in Fig. 4C . Importantly, knockdown of NSUN2 expression in 3T3 302 cells also resulted in a marked drop in the expression of the MLV Gag proteins (Fig. 4C) . 303
Therefore, consistent with the data presented in MLV genomic RNAs are subject to exceptionally high levels of modification by addition of m 6 A, 330 m 5 C and Nm, with observed levels that are from 7 to >20-fold higher than observed in cellular 331 poly(A)+ RNA (Fig. 1) . Secondly, we mapped several sites of m 6 A and m 5 C addition on MLV 332 transcripts and then mutationally ablated a small number of these by the introduction of silent 333 mutations (Figs. 2 and 3 ). While these two mutant viruses, termed MLV-Δm 6 A and MLV-Δm 5 C, 334 retained the majority of their m 6 A and m 5 C residues, we nevertheless observed a modest but 335 significant reduction in viral protein and RNA expression in infected 3T3 cells (Fig. 3) . Finally, 336
we asked whether overexpression of the key m 6 A reader YTHDF2, or downregulation of the 337 m 5 C writer NSUN2, would affect MLV gene expression. Indeed, and as previously also reported 338 for HIV-1 (8, 9), we observed enhanced MLV gene expression upon overexpression of murine 339 YTHDF2 (Fig. 4A) , and a substantial decline in MLV gene expression in 3T3 cells upon 340 downregulation of NSUN2 expression using RNAi (Fig. 4C) . These MLV data therefore confirm 341 and extend our previously reported results, generated using HIV-1 (9) (8) It will therefore be of interest to investigate whether any viruses have also evolved the ability to 346 upregulate the expression of these proteins. 347
Materials & Methods 348
Plasmids and cDNA cloning 349 A lentiviral vector was used to generate a clonal 3T3-derived cell line stably expressing 350 FLAG-tagged mouse YTHDF2. Briefly, the mouse ythdf2 gene (NP_663368) was PCR amplified 351 from a cDNA library and cloned into the pLEX vector (9) 5' to an internal ribosome entry site 352 (IRES) and the puromycin (puro) resistance gene, all driven by the CMV immediate early 353 promoter. A previously described (9) pLEX-based lentiviral vector expressing FLAG-tagged 354 green fluorescent protein (GFP) was used as a control. A FLAG-tagged murine NSUN2 355 18 (NP_060225) expression plasmid was generated by PCR amplification of an NSUN2 cDNA that 356 was then cloned into the pcDNA3.1 expression plasmid to generate pcDNA-FLAG-NSUN2. A 357 mutant form of NSUN2 was generated by introducing the C271A mutation into pcDNA-FLAG-358 NSUN2. The NSUN2-C271A mutant spontaneously forms stable covalent bonds with target 359 cytosines on RNA (6). The pcDNA-based expression plasmid ph3G-HA, expressing an HA-360 epitope tagged form of human APOBEC3G (A3G) has been described (29). Here, we 361 substituted the FLAG epitope tag for HA to generate ph3G-FLAG. 362
The pNCS MLV proviral expression vector has been described and was a gift from Dr. 363
Stephen Goff (18). Two MLV mutant clones were generated, one mutated to remove a single 364 
